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1. Experimental methods and results:  
 
Polycrystalline Pb0.98Na0.02Te1-xSex samples were prepared by melting the mixture of pure elements (weighted in 
argon glove box) at 1273K , quenching, annealing at ~900 K for 3 days, grinding and hot-pressing (98% or higher 
relative density). X-ray diffraction (Fig. S1) and scanning electron microscope analyses confirm that the materials for 
this study were single phase solid solutions. Measurements on each thermoelectric transport property (Seebeck 
coefficient, resistivity and thermal diffusivity) were carried out at California Institute of Technology (Caltech), 
NASA-Jet Propulsion Laboratory (JPL) and Shanghai Institute of Ceramics, CAS (SICCAS) . Seebeck coefficient was 
obtained from the slope of the thermopower vs. temperature gradients using Chromel-Nb (Caltech), W-Nb (JPL) and 
Pt-Pt/Rh (SICCAS) thermocouples. Scanning Seebeck coefficient measurements at ZTPlus Inc. (at 300K) on a sample 
with zT of ~1.8 at 800 K showed a Seebeck coefficient variation of only 5 μV/K (full width for 90% of the data taken 
in an area of 6.5 × 7 mm2). Four-probe resistivity was measured using Van der Pauw technique (Caltech and JPL) on 
disks and linear method using bar shaped samples (SICCAS, ULVAC-ZEM3 and a homebuilt system). Thermal 
diffusivity was measured using the laser flash method (Netzsch LFA 457 at Caltech and JPL, Netzsch LFA 427 at 
SICCAS). Heat capacity (Cp) is estimated by Cp/kB atom-1= 3.07 + 4.7×10-4 × (T/K-300), which is obtained by fitting 
the experimental data reported by Blachnik1 within an uncertainty of 2% for all the lead chalcogenides at T>300 K. It 
should be emphasized that this simple equation agrees well with the theoretical prediction2 taking the lattice vibration 
(Debye temperature3 of 130K), dilation (bulk modulus4 of 39.8 GPa, the linear coefficient of thermal expansion 3 of 
2×10-5 K-1) and charge carriers contributions into account. At 700 K or above this equation gives Cp ~10% higher than 
the Dulong-Petit value. As shown in Fig. S2 a, the thermoelectric figure of merit, zT, obtained on the sample with 
x=0.15 using multiple methods, shows excellent consistency among each other. Furthermore, the measured zT (using 
Caltech system, Fig.S2b) on the four pellets of the scale-up material, show excellent consistency among all the samples 
with same nominal composition. The combined uncertainty for the experimental determination of zT is ~20%. Hall 
coefficient at room temperature or higher was measured using the Van der Pauw technique under a reversible magnetic 
field of ~2T at Caltech. The low temperature (2.5~300 K) Hall coefficient was measured using a PPMS at SICCAS. All 
the samples used for this study are doped with 2% Na and the room temperature Hall carrier density increase with 
increasing Se content. They are 1.27, 1.47, 1.56 and 1.65 x1020 cm-3 for 0%, 5%, 15% and 25%Se alloys, respectively. 
It should be noted these hole densities may be only a half to one third of the doping density as will be discussed below. 
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Fig. S1. Room temperature X-ray diffraction pattern (a) for PbTe1-xSex alloys doped with 2% Na. The inset shows 
the shifting of the peaks due to the alloy effect at high diffraction angles. 
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Fig. S2 (a). zT vs T obtained at multiple labs using multiple methods on sample with x=0.15 (As JPL uses the same 
resistivity technique as Caltech the ‘JPL’ curve is calculated in stead using resitivity measured at Caltech). (b) zT vs T 
obtained on multiple pellets with the same nominal composition. The green lines show the average zT. 
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Fig. S3. Temperature dependent Hall coefficient (a), Lorenz number (b) calculated based on the 3-band model. The 
fractional contribution of heavy hole band to the conductivity and carrier density (inset of b) indicates that the light 
hole band contributes significantly to the charge transport. 
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2. Modeling on the transport properties: 
A distinct feature of the two valence bands is clearly seen from the peak in the Hall coefficient (RH) at ~400 K 
3,5-8(Fig. S3). The increase on RH below 400 K and the sharp decrease afterwards is due to the redistribution of holes 
between the subbands5,9-12 (L and Σ in Fig.1 b). The lower mobility heavy band (band Σ) contributes more at higher 
temperatures.  
 In a two-band system, RH can be expressed as: 
RH=1/pe*[ALb2fL+AΣ(1-fL)]/[(b-1)fL+1]2                  (S1) 
where p, e, AL and AΣ, b and fL are the total hole concentration, electron charge, Hall factors for band L and Σ, mobility 
ratio of band L to Σ and the fraction of holes belonging to band L. To estimate the band parameters more accurately, the 
Hall factors (A=AKAτ) allows the isotropy effect (AK) for bands C and L in this study, which is chosen to be a constant 
of 0.9 (corresponding to a mass isotropy factor of KL=KC=3.58)13. Here, Aτ  is a measure of the degeneracy of carriers3. 
We take AK =1 (corresponding to a mass isotropy factor of KΣ=1) for band Σ because this parameter has not yet been 
determined.  
The low T Hall data enables us to effectively determine the doping concentration (p). Below 50K RH remains 
constant, as expected for a single band behavior because most of the carriers belong to band L (i.e. fL→1 in Eq. S1). 
Furthermore, at such low temperatures, these heavily doped samples in this study must be highly degenerate, resulting 
in Aτ≈1 regardless of the scattering mechanism of carriers. Therefore, we can determine the doping concentration (p) as 
p=AK/RHe using RH data measured at 2.5 K, and the resulting p for PbTe and PbTe0.85Se0.15 doped with 2% Na are 
~2.4x1020 cm-3 and ~3.1x1020 cm-3, respectively. These high hole concentrations are consistent with the calculated 
values assuming each substitutional Na atom on the Pb site releases one extra hole into the valence band, indicating the 
high doping effectiveness and dopant homogeneity. 
With the known temperature dependent energy gaps between the sub-bands of PbTe3,14-18 (Eq. 3 in the paper), 
analyzing the data from the 2% Na-doped PbTe at 400 K one can estimate the reduced Fermi energy (ξ) to be ξL = 2 ± 
0.5 for band L and thus ξΣ = 1.5 ± 0.5 for band Σ, according to the Kane band model for band L3,19,20 and parabolic band 
model for band Σ 3,21,22 with assumption of acoustic scattering3,23. In this range of reduced Fermi level, Hall factors of 
band L (AL = 1.5) and band Σ (AΣ = 1.1) do not vary by more than 2%. Using these values for the parameters in Eq. S1, 
the mobility ratio (b) and the hole fraction of band L (fL), which result in a maximum of RH at 400 K (Fig. S3a), can be 
graphically determined to be b~4 and fL~77% in PbTe doped with 2% Na at this temperature. Consequently, for this 
sample at 400 K, the partial hole density for band L (pL) and Σ (pΣ) can be calculated from p as determined above, and 
thus the partial hole mobility for band L (μL) and Σ (μΣ) in combination with the measured resistivity. The reduced 
Fermi level at 400 K for band L, ξL, can be determined to be about 1.9 and thus ξΣ ~1.3 for band Σ. 
The room temperature Density of states masses were reported to be 0.3 me, 3,19 0.36 me 3,24 and 2me 8,21,25,26 for bands 
C, L and Σ, respectively. The m* depends on temperature via Δ = dlnm*/dlnT = 0.53,13,19 for band C and L while m*is 
independent with temperature for band Σ 3,21.  
With the knowledge of ξ, effective masses and the mass isotropy factors, the deformation potentials 27 for band L 
and Σ can be estimated, using the above determined partial mobilities μL and  μΣ  at this temperature. The deformation 
potential for Σ band is ~9.5eV and ~19eV for L band, using a longitudinal sound velocity of 3600 m/s 3. With similar 
band parameters, the deformation potential for the conduction band of ~19eV, according to our previous study on 
n-PbTe28, is estimated and used for the following discussion. Similar conclusions can be made on the sample with 
x=0.15 because of its close values of b and fL with x=0 even though its higher carrier density. The smaller deformation 
potential for the heavy hole (Σ) band as compared with that of light hole (L) band, is presumably due to the different 
location in k-space3,11,12,29, which is similar to other semiconductors such as Si and Ge30.  
With the known energy offsets between the sub-bands, effective mass, deformation potential for each band and 
their temperature dependencies as determined above, one can calculate the electrical transport properties at any 
given Fermi level and temperature according to 3-band model above. The detailed equations of multi-band model 
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taking the band nonparabolicity (Kane model for band L and C) into account can be found elsewhere 3,22,31,32. 
To assess the thermal conductivity for these materials, we use following equations for the estimation of total Lorenz 
number (L) and κL: 
),/()( CLCCLL LLLL σσσσσσ ++++= ΣΣΣ                             
)( CLL LT σσσκκ ++−= Σ                                  (S2) 
where subscript L, Σ and C stand for the contribution due to band L, Σ and C, respectively, and σ  is the conductivity. It 
should be noted that, for simplicity, this model of Lorenz number does not include the contribution due to interband (L 
and Σ) transitions of carriers, which is expected to be less than 10% of the total Lorenz number33. The temperature 
dependent L for p=1.5, 2.0 and 2.5x1020 cm-3, along with the comparison to the calculated values usually assuming a 
single parabolic band (LSPB)34,35, is shown in Fig. S3b. As can be seen, reduced L compared with LSPB at low 
temperatures indicates the nonparabolic behavior and the large fractional contribution of light hole band32,35. With 
increasing temperature, the redistribution of carrier results in an increasing contribution of the parabolic heavy hole 
band, and thus L gradually converges with LSPB at high temperatures. Because the samples used for this study have a 
carrier density around 2.5x1020 cm-3, the L values calculated for this carrier density are used for the determinations for 
the electronic and thus lattice component (κL) of the total thermal conductivity for the samples shown in Figs 2 and 3. 
The reduction on κL (Fig. 4) can be explained by the Debye-Callaway model36-38 due to the scattering of 
phonons by mass and size contrasts between host and guest atoms in a solid solution39,40. This model has been 
used to quantitatively predict the κL of PbTe alloys34,41,42. With the parameters taken from our previous study of 
La doped PbTe/Ag2Te3,34: Debye temperature of 130 K, sound velocity of 1432 m/s, lattice constant 6.46 Å and 
lattice anharmonic constant of 6541 (a function of Grüneisen parameter), the composition dependent lattice 
thermal conductivity at room temperature for PbTe1-xSex alloys is calculated using the alloy scattering model and 
shown as the solid line in Fig. 4. It is seen this simple model provides an excellent prediction on the lattice 
thermal conductivity for PbTe1-xSex alloys and consistent with previously reported data41,43.  
In addition, a temperature dependent lattice thermal conductivity for 15%Se alloy is calculated and shown in 
Fig. 3b along with the experimental data on 15%Se alloy. Here we treat the Se-free sample as a perfect crystal 
without any alloy defects, and the experimental κL on this sample is used for the modeling. The deviation (~10%) 
between the experimental and predicted κL for this composition falls into the measurement uncertainty range. 
Taking the 15%Se alloy sample for example, with the combination of the 3-band electronic model developed 
above, the temperature dependent total thermal conductivity as well as zT, can be predicted and are shown in Fig. 
3b and Fig. 2 respectively.  
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